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ABSTRACT: Infrared Thermography (IRT) is a methodology thhbves for: remote detection of thermal
energy that is radiated from objects in the infdatgand, conversion of such energy into a video adjgand
representation of the object surface temperatuge fMlais represents a great potentiality that caexpoited for heat
transfer evaluation in a lot of application fielsisd for many different purposes.

In particular within this contest, measurementsfqrered with infrared (IR) thermography to evaluatall
convective heat fluxes in complex fluid flows anegented. If compared to standard transducerdntrfared camera
appears very valuable because it: is non-intrugias, a high sensitivity (down to 10mK), has a lesponse time, is
fully two-dimensional, so allowing for a better &wation of errors due to radiation and tangentiadduction within the
sensor. By correctly choosing the measuring seRothermography can be exploited to resolve cotivedeat flux
maps with both steady and transient techniqueslllfjrthe capability of infrared thermography toatievith several
simple, or complex, fluid flow configurations isstegibed.

INTRODUCTION

Usually, measuring convective heat fluxes requiiah a thermal sensor (with its corresponding ttaémmodel)
and some temperature transducers. In the ordireglyniques where temperature is measured by theuptes
resistance temperature detectors (RTD) or pyromeg¢aich transducer yields either the heat fluxsitgle point, or the
space-averaged one; hence, in terms of spatidut&sg the sensor itself can be considered as-denensional. This
constraint makes experimental measurements patiguroublesome whenever temperature, and/or thest fields
exhibit spatial variations.

The Infrared Scanning Radiometer (IRSR) constitatdsue two-dimensional temperature transduceresinc
allows the performance of accurate measurementrfdicee temperature maps even in the presence aifvedy high
spatial temperature variations. When comparedatiodstrd techniques, the use of infrared (IR) carasra temperature
transducer in convective heat transfer measureampears advantageous from several points of viefadt, since IR
camera is fully two-dimensional (up to more thawh fixels), besides producing a whole temperatutd,fieallows an
easier evaluation of errors due to radiation andéatial conduction. Furthermore, it is non-intwes(e. g., allowing to
get rid of conduction through thermocouple or RTDes), it has high sensitivity (down to r28) and low response
time (down to 2@s). As such, IR thermography can be effectively eayietl to measure convective heat fluxes with
both steady and transient techniques.

A first analysis of heat transfer measurementsRyhermography and a review of some of their apgibns
were presented by Carlomagno and de Luca (1989keThears later, Gartenberg and Roberts (1992)tezp@n
extensive retrospective on aerodynamic research imfrared cameras. More recently, Carlomagno aadd@he
(2010) presented a detailed review on infraredntiogrraphy for convective heat transfer measuremdiits. latest
review on the basic principles and applicationRthermography to thermo-fluid-dynamics is the bbgkAstarita and
Carlomagno (2012).

In the following two sections first the most comrhomised steady and unsteady heat flux sensorsbsill
introduced and then a detailed description of teady state heated thin foil heat flux will be @me®d. In the last
section some significant applications are reported.
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HEAT FLUX SENSORS

The main application of IR thermography in thermde-dynamics is the measurement of toavective heat
flux g., and/or of theconvective heat transfer coefficient h between a solid surface and a moving fluid.
The link betweem. andh is the well known Newton’s law:

qc=h( Tw-T;) 1)

whereT,, is the surface (wall) temperature afdis a reference temperature which depends on e flow actual
conditions. For example, for iposonic (i.e. smalhdh number) external flows the reference tempezapuactically
coincides with the static temperature of the undistd fluid. Instead, for high Mach number flowse torrect choice
is theadiabatic wall temperature (Shapiro 1954 and Schlichting 1979). On the ottard, for iposonic internal flows,
the correct choice for the reference temperatuis the local bulk temperature in the duct crossiee.

In Eqg. (1) the heat flux is assumed to be posifiitegoes from the surface to the fluid.

Experimental data is usually reported in terms iofiehsionless numbers; in particular, both the Nuss=d
Stanton numbers are widely used:

hD
Nu=— 2
K (2
h
S= 3
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where:D is the hydraulic diameter for internal flows am,deneral, a reference length (such as the gap ahaulus,

the distance from a leading edge, the boundaryr lthyekness, etc.)k;, ¢, and o are respectively the fluid thermal

conductivity coefficient, specific heat at constpressure and mass density evaluated at film teatyrer (Bejan 1995);

V is a reference velocity.

The Nusselt number is generally used for interloal$ while the Stanton number mostly for extertaik.

To measure eitheq,, or h, a sensor, commonly calldueat flux sensor, is needed. For IR Thermography
applications, the heat-flux sensor generally casstf a slab with a known thermal behaviour, whaeseface
temperature has to be measured. By properly agplisuitable physical model and the energy conservaquation
to the sensor, it is usually possible to find atiehship between the measured temperature armbthective heat flux
and/or heat transfer coefficient. When the thernysfal properties of the slab are independent oiperature, the
sensor is considered &ieal. Frequently, these properties vary only slightbytsat it is often possible to assume the
heat flux sensor asleal. This hypothesis, together with a constant (ire}iy, will be generally adopted from now on.
The slab surface the flow is going over is callegiftont surface while the opposite oneack surface.

Three heat flux sensors are generally used witthé&Rmography:

» Heated thin foil sensor. The slab usually consists of a thermaltyritetallic foil, or a printed circuit board, stélgd
and uniformly (in space) heated by Joule effeaic®y speaking the foil may be heated also inféedént way (e.qg.
by a radiation heat flux to the foil) but then, theat flux distribution should be precisely knowie convective
heat transfer coefficient can be computed by méagtine heat input as well as the foil surface terajure with the
IR scanner and by performing a simple energy balaBae to the foil thermal thinness, the tempeeatan be
measured on either one of the slab surfaces mupdssible to apply this sensor also to not théyntiain foils.

e Thin film sensor. A thermally thick slab is used as a seasdrthe convective heat transfer coefficient igrirgfd
from the theory of unsteady heat conduction inraisafinite solid. The name of the sensor clas$jcdkrives from
to the thin resistance thermometer (thin film), evhiis bonded to the slab surface and used to nwmaur
temperature. Clearly, the thin film must have mgigle heat capacity and thermal resistance as cadpa the slab
layer affected by the exchanged heat flux. Whea #ainsor is used in combination with an IR scantherthin
resistance thermometer does not exist but the fstatt surface, in contact with the exchanging fluidust be
necessarily viewed by the scanner.

» Wall calorimeter or thin skin sensor. The sensor is made of a thermally thin &&m) and is used as a pure
calorimeter. Being the slab thermally thin, the penature can be assumed to be constant acrobgkadss and the
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convective heat flux is evaluated from the time raf the slab temperature change. The use of ¢msos with IR
thermography is straightforward and either one hed slab surfaces can be viewed by the infrared ngtan
Furthermore, as for the heated thin foil, it isyeismake the slab extremely thin because it isseded to include,
in the sensor, also a temperature detector.

With standard temperature detectors, it is posdiblmeasure the wall temperature only in a relatiwmall
number of discrete points; thus, the additionaldilgpsis that the sensor should be considerezhasgimensional is
normally needed. This requirement implies thathkat flux to be measured should be normal to thsisg element
surface, i.e. the components of the temperaturdigmg which are parallel to the slab plane (tatigén can be
neglected. The one-dimensional hypothesis can bppéd when the surface temperature is measured anitiR
scanner because of the high data number and spegi@lution of the measurement and this subjedthbeiltreated in
detail in the following for the heated thin foilrsmor.

Recently, heat flux sensors, based on a numerdtatien of Fourier's law (typically described by amverse
heat transfer model) and surface temperature me@asuts, have been developed. The advantage of sstigan
approach is that it is possible to take into acteemperature dependence of thermophysical preseaid/or to have
slabs with high curvatures.

In the following only the heated thin foil sensatlWwe discussed; details about the other heatdkmsors can be
found in the book by Astarita and Carlomagno (2012)

HEATED THIN FOIL SENSOR

When using IR thermography, the simplest steadie steechnique, that enables to measure convectiaé he
transfer coefficients, is the heated thin foil s#n#\s sketched in Fig.al in its classical realization the sensor is made
of a thin metallic foil (e.g., an AISI or constantoil, typically tens of microns thick) steadilyp@ uniformly (in space)
heated by Joule effect and thermally insulatedsalback surface (right vertical surface in Fig.Since the geometries
achievable with a thin metallic foil are quite lied, a possible extension is to use a printed itibmard as a heating
element. In this case, often the copper track$ doe35um thick and arranged in a Greek fret mode (Carddrad £994
and Astarita 1996). Then, it is extremely easyhtaim cylindrical or conical geometries while maa@mplicated forms
may be achieved by patching together differentthae”. Ideally, the foil could be heated by any nweée.g. by
radiation), even in a non-uniform way, but in sacbase, the input heat flux should be preciselynim every point
of the sensor. For the sake of simplicity in thiofeing, it will be always supposed that the hegtis uniform in space.
The heated thin foil practically provides a constamvective heat flux boundary condition.
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Fig. 1 — Sketch of the heated thin foil sensgrAdiabatic back surfacdy) Diabatic back surface.

By assuming that the back surface of the sensadimbatic, it is easy to perform a simple steadyesbne-
dimensional energy balance per unit area of theaen

qj = + Or (4)
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whereg; is the imposed input Joule heat flay,is the convective heat flux to fluid agglis the radiative heat flux to the
flowing fluid ambient.
The radiative heat flux can be computed by using:

q =galr:-T7) (5)

where o is the Stefan-Boltzmann constast,is the total hemispherical emissivity coefficiemdar, is the ambient
temperature. When standard techniques are useddeure the wall temperature, it is possible to l@avery low wall
emissivity coefficient (e.g. by gold plating theckanging surface) so as to neglect the radiatiat thex to ambient.
Obviously, this is not the case when measuring eatpres of the front surface by means of IR thgmnaohy and,
besides, the fluid should be (at least partialighsparent in the used IR band.

From the previous equations and by using Newtaws(lL) it is possible to evaluate directly the cective heat
transfer coefficient:

_q —£ta(Tv;‘ —Ta“) ©)
B TW _TT

Under the assumption that the Biot numiiir= hgk (wheres andk are respectively the thickness and thermal
conductivity coefficient of the sensor, ahdincludes both convection and radiation) is smallcampared to unity,
temperature can be considered constant acrossithiki€ékness. Then, it is possible to measuretéimeperature also of
the back surface of the sensor, which, being viewbdiously becomes diabatic.

If also the back surface is diabatic, (see Fiyy Eq. (6) must be extended by subtracting figralso the total
heat fluxg, from the sensor to external ambient, via this sigfa

h=di "% ;fr_UT(Tv? 1) )

Normally, the heat flux to ambient is the sum dfiaéive and natural convection heat fluxes. Theatade heat
flux can be computed with Eq. (5), while the cortixecheat flux to external ambient may be evaluaecbrding to the
existing situation by using standard correlatioaislds (e.g. Kays 1993, Perry 1963 and Kakac 198@)vever, to
carefully evaluatey,, it is much better to perform some ad hoc testh thie IR scanner, by thermally insulating the
front surface, which include the radiative conttéas well (Astarita and Cardone 2000).

It has to be explicitly pointed out that the headsesqg, and g, are correction terms and, in order to obtain
accurate data, they should be a small fractiorheftotal Joule heating; otherwise, an error inrtlealuation can
produce a significant error in the measuned

The assumption of one-dimensional heat flux sensastrictly satisfied only if the surface temperatus
constant on the sensor surface. However, when @sing scanner, that is able to measuring suriam@érature maps,
one is interested in studying complex thermo-fldidramic phenomena where the temperature of thefluasensor
generally varies in space. Temperature variationthe heat flux sensor surface inevitably causegctive heat fluxes
g« in a tangential direction. If strong variationstbé temperature on the surface of the heat flas@eare present, the
tangential conductive heat flux may constitute mpadrtant part of the total heat balance and it otulbnve neglected
anymore.

For the heated-thin-foil sensor, by retaining theumption that the slab is thermally thin (i.ethgomal across
its thicknesss) and ideal, for isotropic foils, it is possible éwaluate the tangential conduction heat flux per sensor
area by means of the Fourier law:

o =~k T, ®

where[}? is the two-dimensional Laplacian operator evaldidtethe heat flux sensor plane.

When using an IR scanner, the two-dimensionalidigion of the surface temperature is directly noees and,
in principle, is straightforward to evaluate thendactive heat flux by numerically approximating theplacian in Eq.
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(8) with the classical 5 points formula. Howevére iR scanner unavoidably generates high frequesitgom noise
that is normally amplified by the numerical derivas. Therefore, it is indispensable to calcul&ie taplacian only
after an adequate filtering of the temperature maps can be accomplished by a simple convolutiith a Gaussian-
filtering window. When performing a steady stateasw@ement, to reduce the random noise, it is adfafui to take an
average of many temperature maps acquired in &esequ

When there is an axial symmetry (e.g. an impingetgor a rotating disk), it is advantageous to perf an
azimuthal average of the temperature maps and leulate the convective heat transfer coefficientyoon radial
profiles. In particular, in this case the LaplactdriEq. (8) reduces to the simpler formula:

2
QVZTW =0_T+ 16_T

= 9
ar? ror ©

After having evaluated the tangential conductioathlx, it is easy to extend the results giverBay (7) to the
multi-dimensional case. By including this additibterm in the energy balance, the convective heaister coefficient
can be evaluated with:

qj —0a —StU'(T\: _Ta4)_kQV2TW
T,-T

h=

(10)

As already mentioned, in many applications of thatbed-thin-foil sensor, a spatially constant Jnglating can
be obtained by using a printed circuit board (Caedet al 1994 and Astarita 1996). The printed dirisugenerally
made of a fibreglass support (typically 0.5mm thiock which extremely thin (5 to 38n) conductive copper tracks are
bonded. The copper tracks are often closely spaceldarranged in a Greek fret mode. Due to the ety high
conductivity coefficient of copperk(B90W/mK), the board exhibits an anisotropic thermal cotidacbehaviour
(along, or across, the tracks) so that, in ordeccwectly evaluate the tangential conduction teitnis necessary to
generalize Eq. (8). This is reported in detail e tpaper by Astarita and Cardone (2000) and in ritatand
Carlomagno (2012).

APPLICATIONS

In the following, the heat transfer in three diéfiet fluid flow configurations are analyzed by meahénfrared
thermography by using the steady staated-thin-foil sensor. With this sensor a 180° turn channel aith without V
rib turbulators and a rotating disk with and withaucentred jet impinging on it are investigated.(an internal flow
and an external one).

180° turn channel with and without V ribs

This flow configuration is often encountered insidebine blades for cooling purposes. Really ritbtators
are often also used in the design of heat excharigiinels in order to enhance the convective haasfer rate and
thus allowing to both reducing the overall exchamdjenensions and to increase efficiency. In 180fA tthannels the
flow is quite complex due to the various separaiand reattachments of the flow and this behavibis further
enhanced in the presence of rib turbulators.

A two-pass channel of square cross-section886n’ and 200énm long before the turn is tested; these
dimensions guarantee a hydro-dynamically fully dewed flow ahead of the 180° turn. The central ipart wall
between the two adjacent ducts isri6thick and ends with a square tipn@f distant from the short end wall of the
channel. The two side walls of the channels aréekelay means of three printed circuit boards amaaise, square rib
turbulators (8m in side), made of aluminium (to have a high thdremaductance), are glued to them. Ribs have a V
shape, with an angle of 45° with respect to thet duis, have their apex pointing downstream ancptaeed at a rib-
pitch to rib-side ratid?/e of either 10 or 20. Further details about the expental apparatus can be found in Astarita et
al (2002a).

The heat transfer coefficient is calculated by nseah Eq. (10) wherel, coincides with the local bulk
temperaturel, which is evaluated by measuring the stagnatiorpérature at the channel entrance and by making a
one-dimensional energy balance along the chanrsth Bre reduced in non-dimensional form in termthefNusselt
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number normalised by its fully developed counterpar (Dittus-Boelter correlation 1930). Both the Nusseimber
Nu and the Reynolds numbRe are based on the channel hydraulic diameter.

5 5

1.75
1.5
1.25

1
b)
Fig. 2 - Normalised Nusselt number isocontoursRer30,000.a) smoothb) P/e=10.c) P/e=20.

For the smooth channel arie = 30,000, the distribution of the locBll/ NU in the vicinity of the turn, is
reported in Fig. 9a. Air enters the channel fromlgft duct and leaves from the right one. By mgwstreamwise along
the channel, the ratiblu/Nu’ increases around the turn and downstream of iausec of the presence of secondary
flows. Three relatively high heat transfer regiomsy be recognised: the first one is located byeti wall (in front of
the partition wall towards the first outer cornand is caused by the jet coming from the first dueich impinges on
this wall; the second one is located at the outdt lownstream of the second corner and is dubeget effect of the
flow through the bend; the third one is locatediladut the half part of the partition wall, downatre of the second
inner corner, where the flow rebounding from theéeowvall, impinges before exhausting. The seconoezattains
NwNu' values much greater than the other two due tgthsence of strong secondary flows already foundiy et
al. (1992). Two relatively low heat transfer zoaes also observed, one just before the first cashére outer wall and
the other one in the neighbourhood of the tip ef partition wall; these zones constitute evidemeettie existence of
recirculation patterns.

The overall increase of the convective heat trargfefficient due to the presence of ribs is cleaslident from
Fig. 9b and ¢ wher&lu/Nu’, are shown for the two tested rib-pitch to ribesid@tiosP/e. In all theNu maps ribs are
clearly visible due to the higher heat transfee rditat occurs on them. For both dimensionless gstcthe thermal
pattern before the turn appears to be repetitivaa (§ense, the flow could be considered as theyrull devel oped).
E.g. in Fig. 9b, the shape and levels of the carlioas after the first three ribs of the inlet tace practically identical.
Instead some differences due to some measurendgeseffects are found at the duct entrance.

The secondary flows induced by the V-shaped ribsehthe form of two pair of counter rotating cellsda
produce variations in the spanwise Nusselt numisgrillition both in the inlet and in the outlet ohal by decreasing
the convective heat transfer coefficient towardsdhannel axis with respect to that nearby theswall
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Especially in the inlet duct, the reattachment liftwevnstream of the ribs can be identified by theusoof the
normalised Nusselt number local maxima when mowunthe mean streamwise direction. The reattachrdistnce,
which increases for the higher rib pitch, apped&ss to increase going from the walls towards thenctel axis and this
is most likely due to the interaction of the mdowf with the secondary one.

In the proximity of the first external corner, & possible to see a low heat transfer zone, daerézirculation
bubble as already observed for the smooth chadnst. after the last rib and in proximity of the tgam wall, the
interaction between the secondary flow and thesltam produces a high heat transfer zone thatsteadshift
downstream for increasing pitch.

For both pitches, the overall increase of the tlefiee due to the bend induces higher values ohdmalised
Nusselt number in the outlet duct but the percentagrease is quite lower than what occurring énghmooth channel.

Rotating disk

Rotating systems are quite relevant in severalieggins and the rotating disk is their simplestfeguration.
Actually, flywheels, turbine disks blades are dtteat to, disk brakes and even modern high speed OBisRare all
examples of practical applications of this modeite®, the fluid resistance due to rotation is ek@int but there are a
number of cases where the disk thermal behavioyrlmeamportant.

The present author with co-workers have applied IRethermography technique to various rotating disk
applications see for example the works by Carddnal.(1996), Cardone et al. (1997) Astarita et(aD02b) and
Astarita and Cardone (2008). The sketch of the exmatal apparatus is shown in Fig. 3; the diskisaaonsists of a
300mm (or 450mm) in diameter aluminum (or light-alloy steel) cufpefd with a 2Gnm thick polyurethane foam, that
thermally insulates the face of the disk not expageair, on which a circular printed circuit boasdglued. Electric
power is supplied to the printed circuit by meafa enercury rotating contact. The disk angular gp&éich ranges in
the interval 100+44Q®m, is precisely monitored by an optical transdutiee; angular speed fluctuations are found to
be lower than 1%.

Optical transducer

Disk section

Thermovision scanner

Steel cup

Mercotac® rotating  Motor
electrical connector (-]

Power supply

Polyurethane

Fig. 3 - Experimental apparatus of Cardone et 8§)9

The importance of the adiabatic wall temperaflggin relatively high speed flows is illustrated bar@one et
al. 1996. The upper half of Fig. 4 shows the tempge map of the disk rotating at an angular sp@eshual to
4390 pm with an imposed Joule heat fllq<:871W/mz. The temperature map is an average in time ofre¢haé wall
temperature and this explain the almost perfectnsgtry. The temperature map can be interpreted aithnverse
proportionality between temperature and convedteat transfer coefficient. Nevertheless, in thes@né discussion,
the adiabatic wall temperature plays a significald and some discrepancies can be found.

A relatively small region¥16% of the disk surface) at the disk centre, wiieeeflow is laminar, is at a constant
temperature of about 386’ In the central part of the disk, the peripher@kdspeed is relatively small and
consequently the flow regime is practically ipogosd that the adiabatic wall temperature, showthénlower half of
Fig. 4 and simply obtained witlj=0 at the some angular speed, practically coincid#sthe ambient one. The rotating
disk laminar solution of Millsaps and Pohlhause®5Q) is:

h= ak\/é (11)
1%
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which does not depend on the radial coordinaed where is a constant that for air at ambient temperafiare0.71)
turns out to be equal to 0.33.

Fig. 4 — Temperature map of the disk rotating @04@8m: Upper halfT,, (right scale) forqj=871W/mz; Lower half
Taw (Ieft Scale) forg=0W/nt.

Since the convective heat transfer coefficient &hdwe constant over the disk surface, from Eq.it(¥)llows
that, for a constant heat flux boundary conditiad aonstanT,, (that in this case i§,,) the wall temperatur&, should
be constant. Outside the laminar zone, the walptrature decreases, first rapidly in the transitiorgime and then,
more slowly in the turbulent one. Immediately affbesides some edge effects at the disk very pemphhe wall
temperature trend is reversedTgsbegins to rise slowly. This behaviour of the walinperature is unexpected since,
according to the turbulent correlation law (e.grdome et al. 1997) the convective heat transfefficant should
increase for increasing local radius thus, negigcthe adiabatic temperature effects, the temperatuould decrease.
Actually, the increase of temperature toward thskdimb is easily explained by looking at the aditd wall
temperature map. In the map,, is practically constant (and equal to the ambiembperature) only within the
circumference which radius is about 60% of the diskus; afterward$,,, shows a significant increase (about 3°C near
the disk edge). Since for the tested conditidisT,, is of the same order of magnitudeTag T,, Eq. (1) explains the
Ty increase. It has to be explicitly pointed out tiathe case of relatively high Joule heating,gffect of the adiabatic
wall temperature would be negligible and a monatalhy decreasing wall temperature, towards the tisk, should
be recovered.

Cardone et al. (1997) performed also measuremerth@fadiabatic wall temperature for a smaller disk
(D=150mm) at significantly higher angular speeds (up t&620;pm) with the aim to measure the recovery factor:

T

aw

-T

a

-T,
V2 - Wr2 - Re v (12)
2c, 2c 2c,

p

_Taw_Ta _T

al

re =

where in the last term it has been introduced tleall Reynolds numbeRe=wr?/v based on the local radiusand
angular speed

Since the transition from laminar to turbulent regiis found for a fixed value of the local Reynatdsnber, by
looking at Eq. (12) it is clear that in order terieasel,,-T, in the laminar regime it is necessary to incrahseangular
speed of the disk and this explains the choice sihaller disk rotating at a much higher angularegp& he adiabatic
wall temperature is plotted in Fig. 5 for variougyalar speeds. The trend is almost parabolic dimeeecovery factor
varies only slightly by passing from the laminarthe turbulent regime. Data of Fig. 5 can be usedvaluate the
recovery factor but, as stated by Astarita (19@6gn if the temperature differences are smallrdickative heat flux
should not be neglected in the calculatiom;.of

The line scan facility of the Agema 9000 thermodiasystem has been exploited by Astarita et &I02b) to
detect the spiral vortices, attached to the surfatech occur in the transitional regime of a siynpdtating disk and
causeh azimuthal variations. As shown by the blue lines=ig. 6a the thermographic system scans a hogktine
that is fixed in space. Due to the disk rotationheacquired line is displaced, relative to the digkface, of an angle
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that is function of the rotating speed and of thgussition frequency. Furthermore, due to the imaseein absolute
velocity moving towards the disk edge, the scadimedassumes a spiral profile on the disk surfaee (ines 1 and 2 in
figure). In order to create a thermal map thatasiegnary with respect to the rotating disk, a ntioa reconstruction is
performed. Even if, in the line scan mode, the useidmographic system has a maximum acquisitioguiacy of

about 2.5 kHz, which could allow neglecting therabdeformation of the acquired lines, this effecttaken into

account while performing the reconstruction of tirermal images. In order to reduce the noise alatgnber of radial
profiles (about 15,000) are acquired during eashge that each point of the reconstructed image#ly, an average
in time of the measured local surface temperature.

10.0
T .T 20,.600rpm
go| ~—— 1e000pm
------- 14,800rpm /
("CH  —e--e 11,9000pm
6.0
4.0 Re=320,000
Re=250,000 R
20 | L
0.0 el .
0.00 0.02 004 r(m)oos

Fig. 5 — Temperature differences on a rotating diskigh angular speed. From Cardone et al. (1997).
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a) b)

Fig. 6 — a) Image reconstruction procedure and lepR&ruction of spiral vortices on a rotating diBkom Astarita
et al. (2002b).

Fig. 6b shows a temperature map of the disk rajatirtransitional regime for a total Reynolds humbgual to
300,000 and the footprint of the vortices is charisible. The disk is rotating in the clockwiseratition and its
diameter coincides with the side of the externatbklsquare. The temperature maps have been ushe laythors to
measure quantitatively the number of vortices &edspiral vortex angle.

In order to double the camera spatial resolutiba,azimuthal reconstruction described before isnagsed by
Astarita and Cardone (2008) to measure the comeettéat transfer coefficient on a rotating diskhwat small jet
impinging at its centre. For each test, about 1®,m@es are used for both the temperature map staation and
profile average. They use the same experimentarapgs of Fig. 3 with the addition of a centredtfett is produced
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by air that passes through a heat exchanger, met¢éa and finally goes through a nozzle. The heelh@&nger ensures a
jet bulk temperature practically equald(1°C) to the temperature of the ambient air the jetawmiwith. Three nozzles
with exit diameteD from 4 to 8nm are in turn used during the tests, the nozzletexitisk distance varying between
3D and 75D. The jet always impinges perpendicularly at theteeof the disk.

100

— h/K\Nv/w=0.33+1.57®; <]
— h/k\vio=1.810%7; &>/

h/kKNv/ @

0.1 1 Ll 1111l 1 Ll 11111 1 Ll 11111

0.1 1 10 () 100
Fig. 7 - Convective heat transfer coefficient & jit flow stagnation point. From Astarita and Cael(2008)

In order to reduce the number of governing pararsea@d because of the lack of theoretical analysis,
essential to find a rational way to evaluate tHatrnee importance of the jet influence with resperthat due to disk
rotation. On the assumption that heat transfer fimderfit depends on the flow momentum rate a redsena
dimensionless parameter is the ratio between tbeamentum rates (one due to jet, the other odéstorotation). By
assuming a jet width proportional to the distaroenfthe nozzle and laminar flow over the disk, sagharameter can
be put in the form:

qnzﬂ( "2]“ (13)
v

whereV is the velocity of the fluid at nozzle exit amds the kinematic viscosity coefficient.

The nozzle-to-disk distance should be high as coetpdo D so to have jet width proportional to The
convective heat transfer coefficient at the jegystdion point, is examined.

By considering only the disk rotation, the flowaisvays laminar at the disk centre @mdcan be evaluated from
Eq. (11). By considering also the jet effect thedeparture from the single rotation value shoulcalfenction of®
only. Therefore, the dimensionless quanﬁi;y/k\/v/_w is plotted in Fig. 7 as a function & In the figure, 160 tests,
performed by randomly varying disk angular spe@dzfe diameter, jet initial flow rate and nozzledisk distance, are
reported. Since the similitude parameter holds daoiyhigh values of the/D ratio, even if randomly chosenalways
fulfils the conditionz/D > 14.

The experimental data shows a different behaviousinall and large values & Really, ford>1, data appears
to be well correlated, in the log-log plane, byteight line, while the same is not true for smalalues of the
parameter, where a linear regression shows a matisfegtory behaviour. Therefore, the equationsthaf two
correlation curves, also shown in Fig. 7 with coatus lines, are:

h?\/Z = 033+157d; ford<1 (14)
w
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i\/z =1810%; ford>1 (15)
k Vw

The two correlations (14) and (15) are obtainediding 42 and 122 data points and the square ctorelactor
turns out to be 0.988 and 0.989 respectively aaditht one reduces to Eq. (11) for=0

CONCLUSIONS

The application of infrared thermography as anagptmethod in heat transfer and fluid flow visuatian is
analyzed. The heat flux sensors, which are normedgd for the measurements of convective heatfaaosefficients,
and the application of the infrared scanning radittmas a temperature measuring device are chjtimaliewed. In
particular the corrections of the errors associatét tangential conduction along the sensor avestigated for the
heated-thin-foil sensor.

The heated-thin-foil heat flux sensor coupled withasurement of surface temperature by IR thermbagrap
used to measure the convective heat transfer caegffion two flowfields: a 180° turn channel withdawithout rib
turbulators and a rotating disk with and withouteatered jet impinging on it.

In the inlet zone, ribbed channels show spanwisiatians of the heat transfer maps because of thsepce of
secondary flows. For both tested rib pitches theralincrease of turbulence due to the bend insliigher values of
the normalized Nusselt number but, in the outlettdhe percentage increase is lower than thativelad a smooth
channel because of the rib already induced turlselen

For a simple rotating disk experimental data igelated in terms of Nusselt and Reynolds numberth based
on the local radius and shows to be in accordaritie tiveoretical predictions. The spiral vorticesittlarise in the
transitional regime are also investigated. To datecthe influence of a small centred jet perpeunldity impinging on
the disk on the convective heat transfer coeffigigrhas been assumed that the convective headfenacoefficient is
proportional to the momentum flux. Therefore, aikinde parameter, which is proportional to theiadtetween the
two momentum fluxes due respectively to the jet smdhe rotation of the disk, has been proposedatsfactory
correlation for the convective heat transfer cafit at the disk centre has been introduced.

REFERENCES

1. Arts T, Lambert de Rouvroit M, Rau G and Acton Préhéhermal investigation of the flow developingani80
degree turn channel, Proc. Int. Symp. on Heat Teams TurbomachineryAthens, 1992.

2. Astarita T and Cardone G, Convective heat transifiea rotating disk with a centred impinging rouedl jnt. J.
Heat Mass Transf., Vol. 51, pp. 1562-1572, 2008.

3. Astarita T and Cardone G, Thermofluidynamic analydithe flow in a sharp 180° turn channel. Expeffin Fluid
Sci., Vol. 20, pp. 188-200, 2000.

4. Astarita T and Carlomagno G M, Infrared thermogsafuin thermo-fluid-dynamics, Springer, Berlin, 2012

5. Astarita T, Alcuni aspetti di scambio termico neliebine a gas. Phd thesis, Universita di Nap@fél

6. Astarita T, Cardone G and Carlomagno G M, Convectieat transfer in ribbed channels with a 180°,turn
Experiment in Fluids, Vol. 33, pp. 90-100, 2002a.

7. Astarita T, Cardone G and Carlomagno GM, Spiratives detection on a rotating disk. In Proc. 23ah Int.
Council Aeronautical Sciences, paper n. ICAS20@243.2002b.

8. Bejan A, Convective Heat Transfer. Wiley, New YotR95.

9. Cardone G, Astarita T and Carlomagno GM, Heat fearmmeasurements on a rotating disk in still air.Proc.
Flucome’94, Vol. 2, pp. 775-780, 1994.

10. Cardone G, Astarita T and Carlomagno GM, Heat fesmaeasurements on a rotating disk. Int. J. Ratcih, Vol.
3, pp.- 1-9, 1997.

11. Cardone G, Astarita T and Carlomagno GM, Infraredthtransfer measurements on a rotating disk. @lptic
Diagnostics in Engineering, Vol. 1, pp. 1-7. 1996.

12. Carlomagno GM and Cardone G, Infrared thermogrdphyonvective heat transfer measurements. Expdslu
Vol. 49, pp. 1187-1218, 2010.

ISFV15 — Minsk / Belarus — 2012
I



13.

14.

15.

16.

17.
18.

19.
20.
21.

15" International Symposium on Flow Visualization
June 25-28, 2012, Minsk, Belarus

Carlomagno GM and de Luca L, Infrared thermograiphlgeat transfer. In Handbook of Flow VisualizatiodJ
Yang, editor, Hemisphere, Washington, DC, Vol. [32,531-553, 1989.

Dittus P W and Boelter L M K, Heat Transfer in Amotobile Radiators of the Tubular Type, Univ. CaRfub.
Eng., Vol. 2, N. 13, pp. 443-461, 1930 (reprintedhit. J. Comm. Heat and Mass Transfer, 12, 3-285)).
Gartenberg E and Roberts A S, 25 years of aerodgna@search with infrared imaging. J. Aircr., VaB, pp. 161-
171, 1992.

Kakac S, Shah R K and Aung W, Handbook of SinglasehFlow Convective Heat Transfer, Wiley, New York,
1987.

Kays W M and Crawford M E, Convective Heat and Masmsfer, Mc Graw—Hill, 1993.

Millsaps K and Pohlhausen K, Heat transfer by lamiiftow from a rotating plate. J. Aero. Sci., V0@, bp. 120-
126, 1952.

Perry J H, Chemical Engineers’ Handbook, Mc GraW;Hb63.

Schlichting H, Boundary-layer theory. McGraw-HMew York, 1979.

Shapiro, AH, The Dynamics and Thermodynamics of @@ssible Fluid Flow, Vol. | and I, Ronald Presgw
York, 1954.

ISFV15 — Minsk / Belarus — 2012



